Abstract -The principal geologic settings of zeolites are (1) saline, alkaline lakes, (2) saline, alkaline soils, (3) deep-sea sediments, (4) low-temperature open hydrologic systems, (5) burial diagenesis, and (6) hydrothermal-geothermal systems. Volcanic ash layers alter rapidly to zeolites in saline, alkaline lakes, and relatively pure deposits can be formed. Silicic volcanic glass is altered slowly, and principally to smectite, in deposits of moderately saline, nonalkaline lakes, as demonstrated in sediments of Searles Lake, California. Vitric tuffs in saline, alkaline playa-lake complexes are characteristically zoned from an outer fresh-water zone with unaltered glass or glass altered to smectite, an inner saline zone with zeolites, and an innermost highly saline zone with analcime and/or alkali feldspar, most commonly K-feldspar. Large-scale zoning of saline, alkaline type is exhibited by the Upper Jurassic Morrison Formation in the San Juan Basin, New Mexico and Arizona.
INTRODUCTION
Much work has been done on the geologic occurrence of zeolites over the past thirty years, and the distribution and origin of zeolites is generally well established [1] [2] [3] [4] [5] . Zeolites occur in many types of rocks but are nest common in volcaniclastic sediments, and the largest and purest deposits are altered vitric tuffs. The principal geologic settings of zeolites are (1) saline, alkaline lakes, (2) saline, alkaline soils, (3) deep-sea sediments, (4) low-temperature open hydrologic systems, (5) burial diagenesis, and (6) geothermal-hydrothermal systems. Features common to all geologic settings are available SiO and Al and a Ca + Na + K/H activity ratio higher than that in which a phyllosilicate woud be formed. The species of zeolite formed depends principally on the nature of the Al-Si aluminosilicate source material (e.g. glass vs. crystalline materials), chemistry of the pore fluid, temperature, and time. Minerals commonly associated with zeolites are alkali feldspars, silica minerals, and phyllosilicates. Zeolites and associated minerals are commonly zoned, reflecting differences in water chemistry, temperature, or both.
SALINE, ALKALINE LAKES
Zeolites are both common and widespread in deposits of saline, alkaline lakes in arid and semiarid regions [6] . Because of the high pH, silicic vitric tuffs alter rapidly and may form nearly pure deposits of zeolite, generally clinoptilolite, phillipsite, erionite, or chabazite. Vitric tuffs in playa-lake complexes are characteristically zoned: an outer fresh-water zone contains unaltered glass or glass altered to smectite; an inner saline zone contains glass altered to zeolites; and an innermost highly saline zone contains alkali feldspar, generally K-feldspar. An analcimic zone may lie intermediate between the zone with zeolites and that with alkali feldspar. Albite is locally common in Eocene and older deposits of saline, alkaline lakes, where it can replace analcime and other zeolites [2] . The apparent lack of albite in post-Eocene deposits is difficult to understand, as albite has formed at low temperatures in hypersaline marine sediments of late Miocene and early Pliocene age in the Mediterranean Sea [7] .
Until recently, zoning had only been recognized in Cenozoic playa-lake complexes. Now, however, similar zoning has been demonstrated in the Upper Jurassic Morrison Formation of the San Juan Basin of New Mexico and Arizona [8] . Here the Brushy Basin Member of the Morrison Formation, 60-120 m thick, contains the southern part of a playa-lake complex at least 300 km in an east-west direction that is zoned from a broad smectite mudflat facies through a playa-margin zeolite facies with clinoptilolite into a central playa facies in F I I Geologic occurrence ofzeolites and some associated minerals 1341 size and consist of unaltered vitric shards with variable, generally small amounts of authigenic smectite. The finer grained ash layers are much more altered than the coarser layers. All but the lowermost of the finer grained layers are extensively altered to smectite and may contain coarse shards either etched or replaced by clinoptilolite. Clinoptilolite also lines cavities and is dispersed through the smectite. The lowermost ash layer consists of analcime pseudomorphs after coarse shards in a smectite matrix. The association of zeolites with smectite in the finer grained layers suggests that the chemical environment for zeolite crystallization was created by hydrolysis of the finer grained ash. Thus the alteration of glass is slow, comparable to that in deep-sea sediments, in contact with saline, nonalkaline pore fluid except where hydrolysis is enhanced by a fine grain size.
SALINE, ALKALINE SOILS
Zeolites are formed at the land surface where the pH is 9.5 or higher as a result of the evaporative concentration of sodium carbonate in an arid or semiarid climate. Analcime has been documented as a reaction product of montmorillonite in modern saline, alkaline soils [12] , and a wide variety of zeolites has formed at the land surface in sediments of Pleistocene and Holocene age in the vicinity of Olduvai Corge, Tanzania. The climate at Olduvai Gorge is arid with seasonal rains, and soils are highly alkaline, at least during the drier part of the year. Analcime and less commonly phillipsite, chabazite, and natrolite have formed in non-tuffaceous claystones [13] , and alkali-rich, low-silica tuffs have altered to phillipsite, chabazite, analcine, natrolite, dawsonite (NaA1(OH)2C03), and illite [14] .
DEEP-SEA SEDIMENTS Sea-floor sediments contain the largest volume of zeolites, and Kastner [15] has estimated that clinoptilolite averages 2 percent and phillipsite 1 1/2 percent of deep-sea sediments. Analcime is next in abundance. Phillipsite is generally associated with volcanic materials, principally basaltic; clinoptilolite occurs widely in both tuffaceous and nontuffaceous sediments, particularly carbonates [15] . Phillipsite is found principally in Miocene and younger sedinents at burial depths of less than 100 m but occurs in sediments as old as Cretaceous. Clinoptilolite is most common at depths of greater than 100 m and increases toward a maxinum in upper Cretaceous sediments. Smectite is associated with phillipsite and clinoptilolite in altered vitroclastic sediments and may be the dominant alteration product. Analcime and K-feldspar increase with age and are most abundant in the oldest sediments sampled, of late Jurassic age [15] . Analcime and K-feldspar can be directly associated with glass, unlike nonmarine vitric tuffs, where they form from zeolite precursors. Glass is altered slowly in deep-sea sediments, and unaltered glass as old as Cretaceous has been found. The slow rate of alteration explains why K-feldspar can be precipitated directly in a solution from dissolving glass rather than from a netastable zeolite precursor which precipitates where glass dissolves more rapidly than feldspar can nucleate and crystallize.
Reasons for the differing distribution of phillipsite and clinoptilolite are not yet established. The overall dominance of clinoptilolite in sediments older than Niocene has been attributed to reaction of phillipsite to clinoptilolite [16] . It may, however, reflect more siliceous pore water in pre-Niocene sediments. In support of this possibility, apparent peaks of siliceous sediments fall in the Eocene and Late Cretaceous [15] .
LOW-TEMPERATURE OPEN HYDROLOGIC SYSTEMS
Nonnarine tephra sequences commonly show a more or less vertical zonation of smectite and zeolites that reflects the chemical change in ground water moving through the systen [17] . Solution and hydrolysis of vitric ash to smectite in the upper part of the system increases the pH, aSio2, and Na + K/H activity ratio to the point where glass is altered to zeolites rather than smectite. In silicic tephra accumulations, zeolites (especially clinoptilolite) are generally found at a depth of greater than 200 to 500 n, whereas in alkalirich, low-silica deposits zeolites may be formed at depths of a few meters or tens of meters. Open systen-zeolites may be vertically zoned, with clinoptilolite, phillipsite, and chabazite in the upper zone and analcime in the lower zone. Although this paper is focussed on zeolites, it should be noted that many of not most montmorillonitic bentonites formed from silicic ash layers are a result of leaching in open systems. Where the pore fluid is static, as in deep-sea sediments, silicic glass is altered to a mixture of zeolite and snectite.
BURIAL DIAGENESIS
In burial diagenesis, temperature is the dominant influence on zeolite zonation. Within silicic tuffs a common downward zonation is (1) fresh glass with smectite, (2) clinoptilolite and mordenite, (3) heulandite and analcime, and (4) albite and laumontite.
Thickness of the zones varies according to the geothermal gradient, as shown by studies in the Green Tuff Region of Japan [18] . In areas of active diagenesis, temperatures of 30-50°C are found at the top of the clinoptilolite-mordenite zone, 84-91° at the top of the heulandite-analcime zone, and 120-124° at the top of the albite-launontite zone [19] . 
